INTRODUCTION
Voice impairment, called dysphonia, affects an estimated 20 million people in the United States, resulting in reduced quality of life (1), reduced occupational performance and attendance (2) , and direct health care costs exceeding $11 billion per year (3) . Between 60 and 80% of voice complaints in the treatment-seeking population involve changes to the vocal fold (VF) mucosa (4); mucosal impairment or loss due to trauma, disease, or disease resection can cause fibrosis and deterioration of VF vibratory capacity for voice (5) . Patients with substantial VF mucosal damage have limited treatment options. Medialization of the impaired VF, achieved by delivering an implant or injectate to the paraglottic space (6) , can improve VF closure and therefore voice but does not address fibrotic changes to the extracellular matrix (ECM). Superficial injection of a regenerative biomaterial can improve VF viscoelasticity and vibratory function (7); however, most biomaterials are not engineered for the VF biomechanical environment, have limited residence time, and cannot replace large tissue deficits. Creation of a bioengineered VF mucosa could bypass these challenges by providing tissue for transplantation that is biomechanically appropriate as a sound source for voice production and physiologically capable of maintaining a barrier against the airway lumen.
Tissue engineering of partial and complete VF mucosae has been attempted using decellularized ECM (8) , collagen (9, 10) , and fibrin (11, 12) scaffolds, often seeded with pluripotent stem cell derivatives (10) , multipotent stem cells (11, 12) , or somatic cells (8, 9) . These organotypic cultures have yielded engineered mucosae with desirable histologic features; however, to date, there is no benchmark system based on human-sourced VF primary cells against which stem cell-based approaches can be evaluated. Furthermore, organotypic cultures have not been directly compared to native human VF mucosa to show equivalent morphology and protein distribution, and most importantly, limited progress has been made toward restoration of physiologic function (12) . Advances in the field of VF tissue engineering have been hampered by limited access to disease-free primary human VF mucosal cells (13) and inadequate attention to the protein-and anatomic substructurelevel complexity that characterizes mucosal morphogenesis.
We hypothesized that primary human-sourced VF mucosal cells, exposed to unique mechanical forces during human voice production (14) , could be an appropriate cell source for the development of a bioengineered VF mucosa capable of recapitulating native function. We therefore isolated and purified primary vocal fold fibroblasts (VFF) and epithelial cells (VFE) from human donors and cultured these cells under three-dimensional (3D) organotypic conditions, based on techniques commonly used in skin and other mucosal systems (15, 16) . The resulting engineered mucosae showed morphologic resemblance to native human VF mucosa, proteome-level evidence of organogenesis/ morphogenesis with emerging ECM complexity, and rudimentary epithelial barrier function in vitro. Using a large-animal (canine) construct ex vivo, we observed aerodynamic-to-acoustic energy transfer, periodic VF vibration with physiologic mucosal wave travel, and acoustic output that were each indistinguishable from those generated by native tissue. We further implanted engineered VF mucosal auto-and allografts in vivo in a humanized mouse and documented robust graft survival with tolerance by the human adaptive immune system.
RESULTS
Isolation and characterization of primary cells from human VF mucosa Primary VF mucosal cell culture is rarely feasible with disease-free tissue from human donors because elective biopsy carries an unacceptable 1 risk of scar formation and dysphonia. For this reason, and because of associated technical challenges, there are no published reports, to our knowledge, of concurrent isolation and primary culture of VFF and VFE from a human donor. We obtained human tissue from a cadaver at autopsy (<6 hours postmortem) and from patients undergoing total laryngectomy for indications that did not include VF pathology (table  S1) , and initially conducted explant culture in fibroblast-or epithelial cell-oriented medium. Fibroblast-oriented culture resulted in steady VFF proliferation and deletion of nontarget cells, yielding a morphologically pure VFF population within 21 days ( fig. S1A) . Conversely, epithelial cell-oriented culture resulted in limited VFE proliferation alongside growth of nonepithelial cells, including those with fibroblastic morphology. We observed tangling of various cell subpopulations ( fig. S1B ) and heterogeneous cell sphere formation leading to problems with reattachment during culture passage.
Given these findings, we developed an approach to better isolate and purify VFF and VFE, which briefly involved microdissection, enzymatic digestion to release cells from the ECM, and separation of cells into VFF and VFE subpopulations based on their adhesion to ECMcoated surfaces (Fig. 1A ). The primary cells were then cultured separately under respective fibroblast-or epithelial cell-oriented conditions. VFF formed large colonies 10 to 15 days after seeding; most cells contained classic-appearing spindle/star-like somata and elongated processes (Fig. 1B) . VFE formed colonies 20 to 25 days after seeding; most cells contained large nuclei, cuboidal somata, and short processes.
Fibroblasts and epithelial cells exhibit distinct cellular markers in vivo but share expression of most markers, at different abundances, in vitro (17, 18) . We used a six-marker flow cytometry panel to characterize the relative expression of classic fibroblast [prolyl-4-hydroxylase b (P4HB); and CD90, also known as Thy-1] and epithelial [pan-keratin (pan-KRT); KRT14; KRT19; and CD227, also known as epithelial membrane antigen or mucin 1] proteins in our adhesion-separated VFF and VFE (Fig. 1C) . Relative expression levels (based on low/high gating) were consistent with cell phenotype; however, single-marker analysis was ineffective at completely separating the two subpopulations. Subsequent double staining resulted in successful separation into CD90 hi CD227 lo (VFF) and CD90 lo CD227
hi (VFE) subpopulations (Fig. 1D) , confirming the effectiveness of our isolation and purification workflow.
VFF maintained a consistent proliferation rate (30-to 40-hour population doubling time) over six passages (Fig. 1E) . VFE proliferated more slowly overall, initially maintaining a 55-to 65-hour population doubling time that progressively increased across passages 4 to 6. We therefore used passage 3 cells for subsequent experiments.
Assembly of engineered VF mucosa
We pursued 3D organotypic culture with purified human primary cells in polymerized type I collagen, a core ECM constituent of native human VF mucosa (19) . Initial trials using 2 × 10 5 VFF/ml, without VFE, resulted in an intrascaffold cell density comparable to the nonvascular region of the native lamina propria (medium cell density, fig. S2A ) and 50% of the cell density of the entire vascularized native lamina propria ( fig. S2B ). We observed moderate scaffold contraction over the first 96 hours of culture ( fig. S2C ), which corresponded to expression of a subset of matrix metalloproteinase and tissue inhibitor of metalloproteinase enzymes/inhibitors ( fig. S2D ), as well as the contractile protein a-actin 2 (also known as a-smooth muscle actin) ( fig. S2E ). We maintained the seeding density (2 × 10 5 VFF/ml) in subsequent experiments, followed by VFE seeding at 24 hours, medium-immersed VFF-VFE 
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n.s. P < 0.0001 P = 0.0014 P = 0.0015 P = 0.0036 S3 ). The engineered VF mucosa began to resemble native mucosa after 10 to 14 days, exhibiting a~50-mm-thick stratified squamous epithelium and sparsely cell-populated lamina propria ( Fig. 2A) . Basal VFE processes extended into the underlying lamina propria, consistent with epithelial anchoring. The lamina propria contained glycosaminoglycans (GAGs), including the biomechanically important GAG hyaluronic acid (20) (fig. S4A) ; however, its ECM appeared immature overall, populated by sparsely distributed fibers that did not resemble the sophisticated ECM of native mucosa ( fig. S4B ). P4HB + VFF were identified throughout the lamina propria, and P4HB + VFE were preferentially localized to the basal epithelium near the basement membrane, as seen in native mucosa (Fig. 2B) . Basal VFE also expressed the basement membrane marker type IV collagen (COL4), which formed a barrier-like structure in the subepithelium. Unlike native mucosa, however, a comparable COL4 + structure was also observed at the luminal epithelial surface. The majority of VFE were E-cadherin
, suggesting emergence of intercellular junctional complexes that approximated those seen in native VF mucosa.
To further characterize the biological complexity of the engineered VF mucosa, we conducted discovery proteomic analysis using liquid chromatography-tandem mass spectrometry (LC-MS/MS). Using a 1% false discovery rate, we identified 762 unique proteins in the engineered mucosa, compared with 908 in the native mucosa and 32 in the scaffold (Fig. 2C and table S2 ). Gene ontology enrichment analysis of the engineered VF mucosa proteome, compared to the full human protein database (UniProt), revealed a wide complement of protein sets (ontology terms) associated with various metabolic, catalytic, transport, binding, and signaling functions, spanning an array of subcellular and extracellular locations ( Fig. 2D and table  S3 ). We identified organogenesis/morphogenesis-specific ontology term enrichment, consistent with successful organotypic culture, as well as ECM terms indicative of protein complexes and anatomic substructures that are characteristic of native VF mucosa, such as the basal lamina, anchoring collagen, and fibrillar collagen ( fig. S5 ). Normalized spectral abundance factor (NSAF)-based quantitative analysis (21) showed that ECM protein abundances in the engineered mucosa were more similar to the native mucosa than the scaffold [z score shift, 0.46 ± 1.35 versus 3.65 ± 1.68 (means ± SD, n = 76 proteins); P < 0.0001, Student's t test] (Fig. 2F and table S4 ), confirming that the engineered mucosa ECM is mostly attributable to new protein synthesis by VFF and VFE.
We identified ECM proteins and glycoconjugates that are considered critical to the biomechanical function of native VF mucosa (22, 23) , including multiple collagen isoforms; the elastin conduit fibrillin 1 and elastin microfibril interface-located protein 1 (EMILIN 1); the small leucine-rich repeat proteoglycans decorin, lumican, and bigylcan; and the glycoproteins fibronectin, fibulin 1, and tenascin X. These observations suggest that although the engineered lamina propria appeared immature on histologic analysis, its developing ECM has the potential to support vibratory function. This conclusion was further supported by rheologic experiments showing similar viscoelastic profiles for engineered and native mucosae (Fig. 2G ).
Quantitative proteomic analysis of engineered VF mucosa compared to its isolated subcomponents We sought to identify protein complexes and functionality that were unique to the engineered VF mucosa, compared to its isolated subcomponents: VFF in a type I collagen scaffold or VFE on a type I collagen scaffold. Proteome coverage was comparable, with 528 proteins common to all three cultures and 59 proteins unique to the engineered mucosa ( Fig. 3A and table S2 ). Comparison of the abundance (NSAF values) of each protein showed that most of the differentially abundant proteins were overrepresented in the engineered mucosa compared to the other conditions ( Fig. 3B) , suggesting that certain proteins are up-regulated owing to VFF-VFE synergy in organotypic culture. The engineered mucosa was more similar to VFE on scaffold than VFF in scaffold (69 versus 139 differentially abundant proteins, respectively) ( fig. S6 and table S5), consistent with VFE being its predominant cell type.
Next, we performed enrichment analysis of the protein set that was either exclusively identified or overrepresented in engineered VF mucosa compared to both VFF in scaffold and VFE on scaffold. The most highly represented biological process terms indicated that the engineered mucosa was uniquely engaged in macromolecule catabolism, protein localization, and cellular component organization or biogenesis (Fig.  3C ). Additional relevant terms included cell-substrate junction assembly, epidermis development, adherens junction organization, and cell junction assembly (table S6) . Enrichment of these terms was driven by a common protein set consisting of the basal lamina constituent laminin a-5 (LAMA5), the basal epithelial cell marker KRT5, the desmosome constituents junction plakoglobin (JUP, also known as g-catenin) and periplakin, and type V collagen a-1.
Emergence of immature barrier function in engineered VF mucosa Our histologic and proteomic data suggested the emergence of basement membrane structures and epithelial junctional complexes during organotypic culture. We therefore performed immunovalidation of LAMA5, KRT5, and JUP expression in engineered VF mucosa and compared their distribution to native VF mucosa. Each protein was expressed in the engineered epithelium but lacked the region-specific localization of native epithelium (Fig. 3D ). LAMA5 was expressed by basal and suprabasal VFE and showed intracellular colocalization with its functional partner COL4, but these proteins did not form mature basal laminae. KRT5 + VFE were scattered throughout the engineered epithelium but were not preferentially localized to the basal region. JUP was expressed by most VFE and colocalized with its binding partner CDH1, but these proteins did not exhibit the intercellular distribution pattern of mature junctional complexes within native epithelium.
To further evaluate physiologic barrier function in the engineered mucosa, we conducted transmucosal electrical resistance experiments. This required decreasing fibroblast seeding density by~3.5-fold (to 5.6 × 10 4 VFF/ml) to reduce scaffold contraction and eliminate detachment from the insert wall. Under comparable culture conditions, the engineered mucosa had significantly greater resistance than scaffold only and VFF in scaffold, but not VFE on scaffold (Fig. 3E ). These data corroborate our immunohistochemical data and confirm that, although emerging basement membrane and epithelial junctional complexes were present in the engineered mucosa, physiologic barrier function remained immature.
Ex vivo physiologic function of engineered VF mucosa
We scaled up our engineering approach to create human-sized VF mucosae and evaluated their physiologic performance in a large-animal (canine) excised larynx. This ex vivo approach holds methodological advantages over in vivo techniques, owing to greater control of anatomic, postural, and aerodynamic input parameters; direct visual exposure of the VFs during vibration; and more precise measurement. We used canine larynges based on their anatomic similarity to humans and precedence in excised larynx studies (24) . Sequential data sets were collected from each larynx: (i) with bilateral native VFs intact, (ii) after unilateral mucosal resection to impair physiologic function, and (iii) after unilateral placement of engineered mucosa in an attempt to restore function ( fig. S7A ).
We collected aerodynamic, high-speed digital imaging (HSDI) and acoustic data ( fig. S7B) . After arytenoid adduction, we delivered humidified air at gradually increasing subglottal pressures (P s ) to initiate flow (U)-induced VF vibration. The minimum P s required to initiate vibration [phonation threshold pressure (P th )] was~1 kPa under the native condition but increased to >5 kPa after resection (Fig. 4A) . Placement of engineered mucosa restored vibration with comparable P th to the native condition. Native and engineered mucosae exhibited similar withinlarynx glottal resistance (R g ), aerodynamic input power (P aero ), radiated acoustic power (P ac ), and glottal efficiency (E g ). P aero -to-P ac loss resulted in E g values of 0.01 to 0.0001% across all runs, consistent with previously reported data from canine excised larynx experiments (24) .
HSDI analysis showed restoration of typical vibratory physiology after engineered VF mucosa replacement. Glottal area waveforms and displacement values were similar to those generated by native mucosa, particularly for within-larynx comparisons (Fig. 4B) . Engineered mucosa vibrated with a vertical phase difference between upper and lower margins, intact mucosal wave, and lateral (left-right) phase symmetry with the contralateral VF (Fig. 4C and movie S1 ). Using HSDI-extracted kymograms, we fitted sinusoidal curves to the upper and lower margins of each VF and observed comparable phase differences for all comparisons (Fig. 4D) .
Acoustic analysis confirmed these vibratory physiology findings, showing restoration of signal periodicity, harmonic structure, and closed phase trajectories after placement of engineered mucosa ( Fig. 3 . Proteomic-based analysis of engineered VF mucosa compared to its isolated subcomponents. (A) Venn diagram summarizing proteome coverage across conditions. (B) Volcano plot summarizing NSAF-based protein quantification in engineered mucosa versus VFF in scaffold (red) and VFE on scaffold (blue). The dashed rectangle denotes cutoff criteria for protein overrepresentation in engineered mucosa compared to the other conditions. Adjusted P values were calculated using a Student's t test (n = 3). (C) Summary of enriched biological process terms associated with the protein set exclusive to engineered mucosa or overrepresented in engineered mucosa compared to both VFF in scaffold and VFE on scaffold. The table lists the three most highly represented terms (adjusted P values were calculated using BiNGO, n = 3; postprocessing was performed using REViGO), as well as signal typing (25) , acoustic signals generated by native and engineered mucosae were uniformly categorized as type 1 (near-periodic), whereas signals associated with mucosal resection were uniformly categorized as type 4 (stochastic) (Fig. 4F) . In total, the aerodynamic, vibratory, and acoustic performance of the engineered mucosa was functionally equivalent to that of native tissue.
Using the same ex vivo setup ( fig. S7 ), we next compared the physiologic function of engineered VF mucosa to human oral mucosa, a Phase dif ference (rad) Fig. 4 . Ex vivo physiologic performance of engineered VF mucosa in a canine excised larynx. We created human-sized VF mucosae and evaluated their physiologic performance in a large-animal (canine) excised larynx ( fig. S7 ). (A) Aerodynamic data showing P th , P s , and U relationships (that is, R g ), as well as P aero and P ac relationships (that is, E g ). P values were calculated using ANOVA. . Sinusoidal curve fitting (R 2 > 0.98) to the UM and LM is shown for the native and engineered conditions. f 0 , fundamental frequency. (D) Lateral and vertical phase differences for all larynges and conditions. #, contralateral VF mucosa condition used to calculate lateral phase difference; !, VF mucosa condition contralateral to that for which vertical phase difference is calculated. P values were calculated using ANOVA. (E) Representative acoustic data showing time-domain signals (upper), narrowband spectrograms (center), and phase plots (lower). (F) Qualitative acoustic signal typing for all larynges and conditions. P values were calculated using a c 2 test. Data from a parallel experiment evaluating the ex vivo physiologic performance of human oral mucosa are presented in Fig. 5 . Data from the same larynx (n = 5) are plotted in the same color (A, B, D, and F) .
traditional free graft material used for reconstructing large VF mucosal deficits (26, 27) . Oral mucosa vibrated with elevated P th (Fig. 5A) , as well as reduced glottal area magnitude and mucosal wave excursion (Fig. 5, B and C) , suggesting reduced tissue compliance and a poor viscosity match to native VF mucosa (14, 28) . Vibratory phase differences were comparable across the oral and engineered VF mucosa conditions (Fig. 5D) , and oral mucosa generated type 1 acoustic signals with harmonic structure in most experimental runs (Fig. 5, E and F) . These data indicate that although both materials are capable of vibration and acoustic output, engineered VF mucosa has superior tissue compliance to oral mucosa-the standard of care in current surgical practice.
Immunogenicity of engineered VF mucosa
To evaluate its potential for therapeutic implementation, we tested the immunogenicity of engineered VF mucosa and its constituent cells using flow cytometry and an in vivo transplantation assay. Previous work has shown that primary VFF express a cell surface phenotype that is comparable to immunoprivileged multipotent stem cells (29); however, no such data have been reported for VFE. VFF and VFE uniformly expressed the pan-major histocompatibility complex (MHC) class I marker human leukocyte antigen (HLA)-ABC (common to all nucleated cells), but were negative for the pan-MHC class II marker HLA-DR (associated with professional antigen-presenting cells), as well as the T cell costimulatory molecules CD80 and CD86 (Fig. 6A) . Further, 45 to 75% of VFF and VFE expressed the T cell-inhibiting and tolerance-promoting molecules programmed death ligand 1 (PD-L1) and PD-L2 (also known as CD274 and CD273, respectively). These findings suggest that naïve VFF and VFE have limited antigen presentation capacity and may promote immunotolerance.
We next evaluated in vivo survival and tolerance of engineered VF mucosa after subrenal capsule auto-and allograft transplantation in the humanized NOD (nonobese diabetic)-scid IL2rg null (NSG) mouse (30) . The NSG model supports engraftment of human peripheral blood lymphocytes (hPBL) and establishment of a functional human adaptive immune system, allowing evaluation of graft immunogenicity before terminal xenogeneic graft-versus-host disease (GVHD). We implanted engineered VF mucosal grafts from unrelated human donors under the bilateral renal capsules of irradiated NSG mice, followed by intravenous delivery of 13 × 10 6 hPBL that were autologous to one of the two grafts ( fig. S8 ). Mice exhibited a significant decrease in body mass (Fig. 6B ) and progressive onset of GVHD. Flow cytometry confirmed engraftment and proliferation of hCD45
− human lymphocytes in mouse peripheral blood (Fig. 6C) .
Fifteen to 21 days after hPBL engraftment, there was a predominant infiltration of hCD4 + T helper cells and minimal infiltration of hCD8 + cytotoxic T cells, with no difference between the auto-and allografts (Fig. 6D) . Follow-up analysis of forkhead box P3 (hFOXP3) coexpression by the infiltrating hCD4 + cells revealed a significantly higher subpopulation of hCD4 + hFOXP3
+ regulatory T cells in the engineered auto-and allografts compared to the mouse eyelid, a GVHD-affected positive control tissue (Fig. 6E) . This finding corresponded to preservation of tissue morphology in the engineered auto-and allografts, which contrasted with extensive cellular infiltration and destruction of naïve tissue morphology in the mouse eyelid (Fig. 6F) .
The identification of a robust subpopulation of regulatory T cells in the auto-and allografts, combined with the absence of tissue destruction under both conditions, suggests that engineered VF mucosa holds low immunogenicity and is well tolerated by the human adaptive immune Sinusoidal curve fitting (R 2 > 0.98) to the UM and LM is also shown. f 0 , fundamental frequency. (D) Lateral and vertical phase differences for all larynges and conditions. #, contralateral VF mucosa condition used to calculate lateral phase difference; !, VF mucosa condition contralateral to that for which vertical phase difference is calculated. P values were calculated using ANOVA. (E) Representative acoustic data showing a time-domain signal (upper), narrowband spectrogram (lower) and phase plot (right). (F) Qualitative acoustic signal typing. The P value was calculated using a c 2 test. The engineered VF mucosa data set used for statistical comparisons is presented in complete form in Fig. 4 . Data from the same larynx (n = 5) are plotted in the same color (A, B, D, and F) . fig. S8 . Body mass of NSG mice after hPBL injection compared to no-hPBL control mice (n = 10 to 12). Mice were euthanized after a >15% decrease in body mass and clinical signs of xenogeneic GVHD, which occurred 15 to 21 days after hPBL injection. P values (comparison of total percentage change) were calculated using a Student's t test. (C) hCD45 system in vivo. Additional long-term experiments in NSG mice without hPBL challenge confirmed that the grafts survived and remained populated by human cells for 70 to 98 days (Fig. 6B and fig. S9A ). The acellular scaffold exhibited comparable long-term survival ( fig. S9B ). When implanted in hPBL-induced humanized NSG mice, the scaffold exhibited no hCD45 + lymphocyte infiltration ( fig. S9C ) despite GVHD in the host, indicating absence of recognition by the human adaptive immune system. This observation is consistent with previous reports of minimal host response to xenogeneic collagen in human clinical applications.
DISCUSSION
We have met a series of milestones toward the development of a bioengineered VF mucosa suitable for therapeutic transplantation. Here, we demonstrate concurrent isolation and purification of primary VFF and VFE from individual human donors; 3D organotypic culture resulting in recapitulation of key morphologic features and emerging barrier function; confirmation of size scalability by adapting for canine larynges; restoration of native-appearing physiologic vibratory function and acoustic output after VF resection; and tolerance by the human adaptive immune system. The biomechanical performance and low immunogenicity of this engineered mucosa indicate that our approach could restore voice function in patients with otherwise untreatable VF mucosal impairment.
We used primary human VFF and VFE assuming that these cells are ideally suited for VF organotypic culture owing to their exposure to phonation-associated mechanical forces in vivo (14) . This approach was successful, and under permissive conditions, the cells engaged in mucosal morphogenesis, contributing to assembly of a functional 3D tissue. Given that primary VF mucosal cells are not available for large-scale therapeutics, the use of alternative populations, such as pluripotent stem cell derivatives (10), bone marrow-(31) or adipose-derived multipotent stem cells (11, 12) , or non-VF somatic cells (32) , is an attractive future direction. Such cells might be differentiated toward a VF mucosal cell phenotype, and primed for organotypic culture and transplantation, by exposure to tensile and vibratory forces in a laryngeal bioreactor (33) .
VF vibration and mucosal wave travel are dependent on tissue viscoelasticity (14) , which, in turn, is a function of VFF-secreted ECM composition (22, 23) . We seeded cells in a simple type I collagen-based scaffold, selected for its cytocompatibility, abundance in native human VF mucosa, and use in previous organotypic cultures and engineered tissues (15, 16, 19) . The scaffold was augmented by endogenous ECM production by the seeded cells, and the engineered mucosa was further strengthened by VFF-driven contraction to the point that it was able to withstand physiologically relevant driving pressures (~1 to 3 kPa) and frequencies (~100 to 300 Hz) for 10 to 15 min ex vivo. Still, although physiologic function was comparable, the engineered mucosa did not show lamina propria fiber complexity equivalent to that of native mucosa. This is not surprising considering that, during human development, differentiation of the lamina propria into a complex structure with depth-dependent fibrous protein distribution begins at the postnatal age of 2 months and is not complete until at least 13 years (34) . Extended culture time, phonation-relevant dosing with mechanical forces (33) , and/or the use of more architecturally relevant scaffold materials, such as decellularized VF mucosa (35) , might provide the microenvironmental cues needed to yield even greater maturation in vitro.
The engineered VF mucosa exhibited low immunogenicity when presented to the human adaptive immune system in vivo in mice, suggesting that our primary cell-based approach itself has clinical potential for allotransplantation. Development of this approach beyond proof of principle requires orthotopic transplantation experiments, with evaluation of long-term tolerance and physiologic outcomes. Such experiments could be pursued using translationally relevant canine or porcine models and may also help determine how in vivo incorporation of host cells and ongoing ECM remodeling further the regeneration process. Free mucosal graft is a technically straightforward procedure in patient laryngeal reconstruction and, given its limited vascular demand, has high viability after grafting (27) . Key considerations in determining in vivo outcomes, therefore, may be the relative immunoprivilege of the (primary or nonprimary) cells used for organotypic culture, as well as the impact of the host response and local biomechanical environment on long-term graft remodeling.
In summary, this report provides a framework for the efficient generation of physiologically relevant and clinically useful bioengineered VF mucosae. Beyond its direct potential for therapeutic use, this approach has application to the development of advanced in vitro systems for VF mucosal disease modeling and preclinical testing of therapeutic agents.
MATERIALS AND METHODS

Study design
Our objective was to engineer human VF mucosae with functional performance comparable to that of native tissue. Cell characterization experiments were performed using primary cells isolated from a cadaver and surgical patients. The engineering strategy involved organotypic coculture of primary VFF and VFE; initial characterization was performed using histology and immunohistochemistry, proteomics, rheology, protein array, and electrical resistance. Ex vivo physiology experiments were conducted using canine larynges and sequential data collection at baseline, after unilateral VF mucosa resection, and after engineered mucosa placement; the contralateral VF served as a within-larynx native tissue control. In vivo immunogenicity experiments were conducted using a humanized mouse system and within-animal comparisons of auto-and allograft outcomes. Animals were not randomized. All human and animal procedures were performed with institutional approvals and, in the case of human participants, with informed consent.
All analyses were performed on blinded samples. For functional assays, pilot data were collected with n = 3 replicates, followed by calculation of the necessary sample size to detect a >1 SD shift with 80% power. The 14-day end point for organotypic culture was determined by a pilot experiment showing no morphological differences at 14 and 28 days. End points for the in vivo experiment were determined by onset of xenogeneic GVHD (in mice with hPBL) or monitoring for at least three times the longest survival time in the hPBL group (in mice with no hPBL).
Cell isolation and culture
Human VF mucosae (n = 10) were obtained from a single cadaver at autopsy (<6 hours postmortem) and four patients undergoing total laryngectomy with no evidence of VF pathology on otolaryngologic workup (table S1). Procurement was performed with the approval of the University of Wisconsin-Madison Health Sciences Institutional Review Board. Each mucosa was microdissected from its underlying thyroarytenoid muscle and processed as described in Supplementary Methods.
Organotypic culture
We engineered 167 VF mucosae using 3D organotypic culture. Purified rat tail type I collagen was seeded with VFF and polymerized. After 24 hours of VFF culture, VFE were seeded on the scaffold surface. After 48 hours of VFF-VFE coculture, the medium was aspirated from the apical chamber. We continued coculture with VFE at the air-liquid interface for a further 8 to 28 days. Additional details are provided in Supplementary Methods.
Because initial histological assessment showed no difference in engineered VF mucosa morphology at 14 and 28 days, we performed all subsequent downstream assays on samples harvested at 14 days. Experimental comparisons involving the scaffold only, VFF in scaffold, and VFE on scaffold involved identical culture conditions for the entire 14-day period.
Ex vivo physiology experiments
Ex vivo physiologic data from canine larynges with bilateral native VFs intact, after unilateral VF mucosa resection, and after unilateral placement of either engineered VF mucosa or oral mucosa were collected as described in Supplementary Methods.
Humanized mouse experiments NOD-scid IL2rg null (NSG) mice aged 7 to 8 weeks (n = 22; The Jackson Laboratory) and hPBL were used for all in vivo experiments, as described in Supplementary Methods.
Proteomic analyses
Protein extraction, tryptic digestion, MS, and NSAF-based quantification were performed as described in Supplementary Methods.
Statistical analyses
NSAF-based quantitative proteomic data were analyzed using a Student's t test with Benjamini-Hochberg adjustment. Gene ontology term enrichment analysis was performed using the BiNGO (hypergeometric model with Benjamini-Hochberg adjustment) and REViGO algorithms. Enrichment schematics were generated using Cytoscape 2.8.2 (Cytoscape Consortium). Other statistical testing was performed using SAS 9.2 (SAS Institute). Flow cytometry, rheology (slopes of each fitted curve), cell density, transmucosal resistance, P th , and body mass (overall percentage change) data were analyzed using a Student's t test in cases of two experimental groups or one-way ANOVA in cases of more than two experimental groups. Glottal area and vibratory phase data were analyzed using two-way ANOVA, with VF mucosa condition and P th as fixed effects. Cell proliferation data were also analyzed using two-way ANOVA, with cell type and culture passage as fixed effects. Data were evaluated for normality and equality of variance using visual inspection of raw data plots and Levene test; data were rank-transformed where needed to meet the assumptions of the Student's t test and ANOVA. In all ANOVA models, if the F test revealed a significant difference, pairwise comparisons were performed using Fisher's protected least significant difference method. Acoustic signal typing data were analyzed using a c 2 test. A preadjustment type I error rate of 0.01 was used; quantitative proteomic data were subject to an additional fold change cutoff of 4. All P values were two-sided.
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